Abstract. High energy-conversion efficiencies in Stimulated Raman Scattering (SRS) are demonstrated both in experiments and by simulations for pump powers below SRS threshold. The scattering is induced by a short seed pulse at the Stokes frequency, the pulse width of which is much shorter than the pump pulse width and which is comparable with the medium's dephasing time. PACS: 42.50.Md; 42.55.Ye; 42.65.Dr In a Raman-active medium, high conversion efficiencies to the Stokes wave can be achieved by Stimulated Raman Scattering (SRS). Due to the low gain for scattering to Stokes waves in the infrared, high pump powers and long interaction paths are necessary. Additionally, when the scattering becomes transient for pump pulses with a pulse duration comparable to the medium's dephasing time, the Raman gain is further reduced. One method to overcome the low Raman gain is by seeding. The scattering is then made efficient by an initially applied Stokes field rather than started up from the Stokes-noise field. The seed power easily exceeds the Stokes-noise power by many orders of magnitude, and substantially lowers the gain necessary to obtain Stokes powers comparable to the pump power. In previously performed experiments [1], the conversion efficiency in transient scattering was increased by a seed pulse with a pulse duration comparable to that of the pump pulse.
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Experiments
In the experiments described in this paper, the SRS efficiency of a pump pulse in the infrared is increased by adding a seed pulse at the Stokes frequency which is much shorter than the pump pulse, while the medium's dephasing time is of the same order of magnitude as the seed pulse. It is demonstrated both in experiments and in simulations that this short seed pulse is able to induce SRS with high energy-conversion efficiency, where unseeded scattering would otherwise generate Stokes energies below detection levels.
In these experiments, a 10.26 gm pump pulse from a TEA CO2 laser with a pulse width of 70 ns at half maximum and a pump energy in the gain-switched peak of maximum 1.4 J was scattered by SRS in para-hydrogen (p-H2). The pump beam was nearly TEM0o but the pulse shape generally showed small modulation due to mode beating. The So(0) rotational transition was used as the Raman transition. For this transition, the pressure dependence of the dephasing time T2 of the Raman polarizability can be expressed as T2 = (~Bp)-i with B = 97.3 MHz/bar [2] for pressures p, where the Raman line width is pressure broadened, i.e., for pressures above approximately 0.3 bar [3] . The Raman shift of 354 cm-1 shifts the pump wavelength to a Stokes wavelength of 16.11 gm. To increase the small Raman gain at these long Stokes wavelengths, a Multi-Pass Cell (MPC) [4] was used. The MPC consisted of two spherical mirrors separated by 3.7 m in a near-concentrical, stable-cavity setup in which the pump and Stokes beams were focused at each pass with a confocal parameter of 72 cm. In the MPC, the number of passes could be varied with an axially mounted rotatable periscope which could reflect the beam out of the MPC after an even number of passes between 2 and 32. The powers available from the CO2 laser were so low that no scattered radiation in the first Stokes wave was detectable unless the scattering was seeded by a lowpower seed at the Stokes frequency. In the seeded experiments, higher-order Stokes waves were not generated and, consequently, using also a circularly polarized pump beam, no anti-Stokes waves were generated since the circular polarization excludes Stokes-anti-Stokes coupling. The seed pulse at the Stokes-shifted frequency of the CO2 laser was generated in the same MPC by a Four-Wave Mixing (FWM) process, where the 1.064 gm fundamental of a Q-switched Nd:YAG laser and its Stokes-shifted frequency were mixed with the 10 gm pump wave [4] . Since the Stokes-shifted wavelength of the Nd:YAG pump is much shorter than the Stokes-shifted wavelength of the COz pump wave, the Stokes gain is approximately a factor 200 higher for scattering at 1 ~tm [4] . Therefore, the scattering of the Nd:YAG pump wave resulted in the generation of many higher-order Stokes waves and, due to parametrical coupling, also anti-Stokes waves. First Stokes generation at 1.1 ~tm occurred with 40% energy efficiency [4] . Using the conversion function for FWM derived by Bjorklund [5], a maximum seed power of approximately 5 x 10 .2 MW may be estimated for the pump powers used in the experiments. This seed power is many orders of magnitude above the Stokespower level generated by spontaneous Raman scattering (of order 10-11 W) from which the stimulated scattering of the CO2 pump wave starts. The seed pulse generated by FWM is then as short as the shortest of the three input waves. In these experiments, the seed-pulse width was determined by the 9 ns width of the Stokes-shifted wave of the Nd:YAG laser. In all experiments, the polarization of both pump beams was circular to maximize the Raman gain [6] . The pump beams were mode-matched to the MPC and collinearly injected into the MPC. The output beams were dispersed in a prism and directed to detectors to measure simultaneously the pulse energy (by means of pyroelectric detectors) and the pulse shapes (by means of photon-drag detectors and PIN photodiodes). A complete description of the experimental setup is given elsewhere
In the next section, the results of the threshold experiments are given, while the experimental and numerical results of conversion in seeded stimulated Raman scattering are discussed in Sects. 3 and 4, respectively.
Results of the threshold experiments
In the following, the terms pump and Stokes refer to waves with the pump frequency and the Stokes-shifted frequency of the CO2 laser, respectively. Also, threshold refers to the SRS threshold of the COz pump wave unless the Nd:YAG pump wave is mentioned explicitly. The threshold condition was met when a Stokes pulse could be detected by the photon-drag detector. Then, the energy in the Stokes pulse was approximately 10mJ. The delay between the two pump pulses was adjusted to generate maximum Stokes power. In general, the peak of the CO2 pump pulse then coincided with or closely followed (a few ns) the peak of the Nd:YAG pump pulse.
The behavior of the threshold power is experimentally investigated as a function of Nd:YAG pump power, gas pressure and number of passes in the Raman cell. To be able to show the effects of seeding on the threshold power, the threshold power for unseeded SRS was first calculated from Nd:YAG threshold-power measurements, which were performed in the same Raman MPC. In these calculations, the gain was corrected for the difference in wavelength and for the difference in pulse width. For the latter, it was necessary to take into account the gain reduction due to transient scattering, which depends on the ratio of pulse width and dephasing time. The used gain-reduction factor was measured in previous experi- . Typically, for unseeded SRS, a threshold power of 31 MW is calculated for the 70 ns CO2 pulse which propagates 32 passes through the MPC filled with 1.0 bar p-H2 at room temperature. In Fig. 1 , the measured seeded and calculated unseeded threshold powers are shown as a function of Nd:YAG pump power for several pressures. The insert shows the threshold power for pure SRS of the Nd:YAG pump pulse as a function of pressure, which was measured previously [3] . It is noted that the threshold data for seeded SRS of the CO2 pump pulse were obtained for Nd:YAG powers above SRS threshold for the Nd:YAG pump. For higher Nd:YAG pump powers and at gas pressures above 0.6 bar, the threshold power approaches approximately 6 MW, which is to be compared to the threshold of a few tens of MW necessary in unseeded SRS. At lower gas pressures, where the medium's dephasing time becomes long, transient scattering results in a low Raman gain for both the Nd:YAG and CO2 pump pulses. Therefore, the threshold powers for pure SRS of both pump pulses increase and the Stokes powers scattered from both pump waves decrease. This results in a low seed power generated by FWM and a low Stokes power generated in the seeded-scattering processes and causes the threshold-power curves at lower pressures to shift to higher Nd:YAG powers. Figure 2 shows the threshold power as a function of gas pressure. The upper curve represents the calculated threshold power for unseeded SRS while the lower two curves represent the measured threshold power for seeded SRS at two Nd:YAG power levels of 3.2 and 1.6 MW. Above pressures where Nd:YAG-pumped SRS exceeds threshold (0.2 bar for 3.2 MW and 0.3 bar for 1.6 MW), the threshold power is reduced. At higher pressures the threshold power approaches approximately 6 and 10 MW for 3.2 and 1.6 MW Nd:YAG pump powers, respectively. The ratio of threshold powers in unseeded and seeded SRS is largest for gas pressures around 0.5 bar, since the unseeded SRS threshold power also decreases when the pressure is increased.
